The multi-trigger resist (MTR) is a new negative tone molecular resist platform for electron beam lithography, as well as extreme ultraviolet and optical lithography. The performance of xMT resist, the precursor to MTR resist, which shows a good combination of sensitivity, low line edge roughness and high-resolution patterning has previously been reported. [1] In order to overcome limitations induced by acid diffusion, a new mechanism-the multi-trigger concept-has been introduced. The results obtained so far as the behaviour of the resist is driven towards the multi-trigger regime by manipulating the resist formulation are presented. A feature size of 13 nm in semi-dense (1:1.5 line/space) patterns, and 22nm diameter pillar patterns are demonstrated in electron beam, and 16 nm half-pitch resolution patterns are demonstrated in (extreme ultraviolet) EUV. An improvement in the LER value is seen in the higher MTR formulations.
INTRODUCTION
Remarkable progress has been made in the semiconductor industry with advances in integrated circuit technology. This has been driven by development of lithography techniques capable of high-resolution patterning, which include EUV, DUV, and electron beam, and also new generations of high-resolution high-sensitivity resist materials.
Extreme ultraviolet lithography (EUVL) at 13.5 nm is most likely to be the chosen post-optical technique for patterning sub-20-nm half-pitches for chip manufacturing, [2] with high-volume manufacturing (HVM) deployment expected imminently. Along with addressing issues regarding the availability of EUV power sources, the most challenging task to enable EUVL for high-volume production has been the need for improvement of resist performance or the development of novel resist materials capable of meeting industry requirements for ultimate resolution while maintaining a good sensitivity and low line edge roughness. [2] Traditional resists have allowed a half-pitch of 22 nm in production to be achieved, and will likely support the initial HVM introduction of EUV. However, chemically amplified resists naturally limit the ultimate resolution in the resist due to acid diffusion and additionally post exposure instability in the patterned regions. [2] In addition, for sub-20-nm patterning the line edge roughness (LER)and line width roughness (LWR) become critical parameters that put an additional constraint on chemically amplified resists. Recently, attention has focused on the development of nonchemically amplified resists for future lithography nodes, such as an MAPDST-MMA copolymer that contains a sulfonium group to give the material sensitivity for electron beam radiation. A feature size of 20 nm in 1:2 line/space patterns was achieved. [2] 
In an MTR, multiple distinct chemical reactions must take place simultaneously and in close proximity for the chemical amplification process to proceed. Thus, at the edge of the feature, where the density of photo-initiators, such as photoacid generator (PAG) acids, that drive the chemical reactions is low, the amplification process is self-terminating, rather than requiring a quencher. This significantly reduces blurring effects and enables much improved resolution and LER while maintaining the sensitivity advantages of chemical amplification. MTR resist can provide a single resist solution to hybrid patterning approaches including i-line, 193 nm, EUV and electron beam patterning. [3] [4] [5] This study presents results obtained where the strength of the multi-trigger effect is modulated through resist formulation changes.
EXPERIMENTAL
Resist samples were prepared by dissolving the individual components in ethyl lactate, and then purifying the samples using a metal ion reduction system. Resists were formulated with different weight ratios of these individual components to drive the resist behaviour in different directions. The baseline for the optimization is the previously introduced xMT resist system, shown in Fig. 1 , from which the MTR1 series resist was developed. The resist was spun onto a commercial underlayer, Brewer Scientific E2 STACK AL412-302.
After the spin-coating of the resist, the samples received a post application bake (PAB) of 60 °C for 180 seconds. EUV exposures were performed using the XIL-II interference lithography tool [6, 7] and electron beam patterning utilized a Vistec EBPG 5000+ electron beam exposure tool at 100 kV, both at the Paul Scherrer Institute, Switzerland. Exposures were also realized on ASML NXE3300 at IMEC using different custom illumination settings for line-and-space patterns (dipole-like). After exposure the samples did not receive a post exposure bake, and were developed in n-butyl acetate followed by a methyl isobutyl carbinol, (MIBC) rinse.
Exposed samples were analyzed with a scanning electron microscope (SEM) in top-down view. Critical dimension (CD) and LER were calculated from the SEM images with the commercial software package SuMMIT.
Samples exposed on the IMEC NXE 3300 in order to obtain unbiased roughness values, 50 square images of the pattern were taken at different position on one die and were then analyzed using metroLER TM software from Fractilia to remove SEM noise from the power spectral density (PSD) graphs (as per imec protocol cfr [8] ).
As the direct measurement of the on-wafer dose for the EUV-IL exposures was not available in this study, the exposure was measured with respect to an internal PSI reference resist calibrated against exposures of the same resist at the Intel MET. [7] For features smaller than the capability of the calibration resist, the dose was estimated from higher pitch sizes. 
RESULTS
Formulations that demonstrate simultaneous high resolution, low LER and high sensitivity were investigated and the results are presented below. Alternative formulations were obtained by adjusting the components of the resist and their ratios. Through appropriate formulation it was possible to drive the behaviour of the resist system towards a response that was closer to a chemically amplified system, or towards the multi-trigger response.
Demonstrating MTR action
To demonstrate the self-quenching behaviour described in the introduction the standard MTR formulation and the high MTR action formulation were exposed and analysed on the NXE 3300 exposure tool at IMEC. [9] Half pitches of 20 nm and 16 nm were successfully resolved and the LER value at 16 nm half pitch was monitored. It was observed that the sensitivity decreased with the MTR level but the unbiased value for LER improved (from 4.9 nm to 3.7 nm), which shows that the material expresses a dose-dependent self-quenching behaviour that limits the acid diffusion length in low dose areas.
MTR in electron beam lithography
Although the MTR system was designed as part of the novel EUV resists platform its performance was also tested in electron beam lithography to get a good insight of what the mechanism of interactions during exposure might be and compare it to the observations acquired in EUV.
The advantage of using electron beam lithography is the fact that it is a mask-less technique, which means that the lithographic performance obtained is due entirely to the properties of the material and not the mask. The other reason electron beam is an advantageous technique in this study is that the number of electrons in the incident beam is larger than the number of photons in the EUV exposures. This becomes important when investigating the roughness due to stochastic events in the material such as quencher stochastics.
The effect of additional quencher on the MTR system
In order to understand what effect an additional quencher can have on the MTR system, the MTR level was varied and an external quencher was added in two different concentrations. The samples obtained were exposed to 100 kV electron beam and patterns featuring lines of 14 and 18 nm at relaxed pitches were analysed. The results are summarised in Figure 3 .2 where the normalised minimum LER is plotted as a function of the MTR ratio and the additional quencher concentration. 24 nm diameter. The roughness and the non-uniformity of these structures were not calculated, as this would not be an accurate reflection of the material's behaviour but a convolution of the effect of the mask quality and material properties. 
CONCLUSIONS
We have shown that the multi-trigger system expresses dose dependent self-quenching behaviour. Varying the MTR component ratio in the system showed that the best LERs are achieved at 0.4 and 0.6 MTR ratios. The resist matrix limits the effect of additional quencher in the MTR system and this effect is pronounced at high MTR ratio. We have also shown 21 to 26 nm diameter pillars patterned with 100 kV electron beam, dense lines on 28 nm pitch and isolated lines. The lines patterned in EUV showed an improvement of 2.4 nm in the LWR for high level MTR compared to low level MTR.
